An analysis is presented for the fracture of an adhesively bonded double-cantilever beam that fails with extensive plastic deformation of the adherends. The analysis permits a value for the toughness of the joint to be distinguished from the energy absorbed by the plastic deformation. Specifically, this value for toughness can be determined from post-fracture observations of the deformation and from a knowledge of the constitutive properties of the adherends. The analysis has been used to determine experimentally the toughness of plastically deforming joints formed using three different adhesives to bond a series of different thicknesses of aluminium and steel. In each case, it was found that, despite large differences in the extent of deformation, the value for toughness was dependent only on the materials used to form the joint. The toughness was independent of the thickness of the adherends.
Introduction
The use of adhesives to replace traditional joining techniques has many advantages for the automative industry. A major advantage is related to the current trend towards energy efficiency and the consequent need to reduce the weight of vehicles. Spot-welding, which is the traditional fabrication technique for steel structures, is difficult in light-weight substitute materials, such as aluminium, and impossible with some modern materials of interest, such as composites and polymers. These materials can be joined with adhesives. Furthermore, it has been shown that an adhesively-bonded structure can exhibit up to 45% greater stiffness than an equivalent spot-welded structure, with no increase in mass [1] . In addition to these weight-saving issues, there are other advantages of adhesives. Empirical evidence indicates that the fatigue life of an adhesive joint can be much greater than that of spot-welded joints. There is also an aesthetic advantage to the use of adhesives because body sheet metal can be assembled with smooth surfaces; the need for additional trim to hide spot welds is therefore eliminated.
While engineers have collectively accumulated a vast body of experience with incorporating traditional joining techniques into the design process, the same is not true for adhesives. Therefore, despite the many advantages of adhesives, a number of fundamental issues need to be addressed before it is possible to use adhesives confidently in structurally critical components. The most important is how to predict the reliability of a joint under service conditions, and, of particular importance for automotive applications, is how an adhesively bonded structure will absorb energy during impact loading.
There is a considerable body of literature dealing with stress analyses of adhesive joints and ASTMapproved test techniques [2] . Unfortunately, the data that can be obtained from many of these tests do not have a predictive capability; they merely provide a means of process control and a qualitative comparison of adhesives under particular test conditions. However, it is being increasingly recognized that the failure of adhesive joints is governed by the principles of fracture mechanics. Provided measurements are made using specimens of a suitable geometry, i.e. containing well-defined cracks and with sufficiently thick adherends to ensure only elastic deformation, the concepts of linear-elastic fracture mechanics (LEFM) should apply. Using these concepts, it has been shown experimentally that the mechanical properties of symmetrical adhesive joints are described in a predictive fashion by the use of a toughness or a ''mode-I critical energy-release rate '', G ' [3, 4] . Designing a car for crash-worthiness involves ensuring that during impact, carefully chosen structural members will deform plastically and absorb energy. Therefore, the design criteria for using structural adhesives in automotive applications need to be determined under impact conditions with extensive plastic deformation occurring. Under these conditions, LEFM techniques are not applicable because most of the energy dissipated does not go into fracturing the adhesive, but rather into other processes that are Figure 1 The asymmetrical double-cantilever specimen considered in this analysis. Two pieces of material of thickness h and h , respectively, are bonded across an interface. A moment M is applied to each arm. specimen specific, such as friction and plastic deformation of the substrate. Analyses of the peel test by Kim and others [5, 6] illustrate the inherent problems in determining the properties of an adhesive joint under such conditions, because the toughness of the adhesive accounts for only a small fraction of the total energy dissipated during fracture.
How to develop a framework for analysing crack growth in the presence of extensive non-linear deformation is a problem that has been considered for many years [7] [8] [9] [10] . One inherent philosophical difficulty is how to distinguish the energy associated with the crack-tip plastic zone from that associated with macroscopic plastic deformation. If this cannot be done, the concept of toughness as a material or interfacial property loses its usefulness, because the conditions under which a crack will propagate cannot be predicted; they would have to be determined experimentally for each and every configuration of interest. In the present case of a confined adhesive, a simple separation of the energy dissipation into that associated with the adhesive and that associated with the substrates can be rationalized [9] . The energy dissipated within the adhesive, per unit area of crack advance, can then be designated as the ''toughness'' of the joint. Such an analysis is provided in this paper, and the results are used to evaluate the toughness of different configurations of joints loaded by a wedge under impact conditions.
Analysis
The general problem considered in this paper is illustrated in Fig. 1 . It consists of an adhesively bonded double-cantilever beam with arms 1 and 2 of thickness h and h , respectively, with an equal moment, M applied to each arm. If the adherends are elastic, then the crack-driving force, or energy-release rate, G, is given by [11] G"
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in plane stress, where E is Young's modulus of the adherends, and b is the width of the specimen. This expression is invalid if the magnitude of the moment required to propagate the crack is sufficiently large that the arms deform plastically. Generally, caution has to be used in deriving expressions for crack-driving forces in the presence of plasticity because they will be invalidated by any hysteresis associated with unloading [7] . However, in the special case of the problem illustrated in Fig. 1 , an analysis based on the steady-state geometry permits a rigorous expression for the crack-driving force to be derived. It is assumed that both arms are made of materials that exhibit a stress-strain relationship of the following form
where and are the stress and strain, n G is the power-law hardening exponent, A G is a material constant, and the subscript i identifies the arm, 1 or 2. Furthermore, it is assumed that all strains remain small so that simple beam theory can be used, and that the crack is long enough for steady-state conditions to apply. Consider what happens if a length l ahead of the crack tip debonds under the influence of the bending moment M . Owing to the steady-state nature of the problem, the changes in energy and work associated with this debonding can be analysed by considering what would happen if a segment of the same length, l is removed from the region far ahead of the crack and placed in its wake. Ahead of the crack, both parts of the segment above and below the interface are undeformed. When placed in the wake, they are bent into arcs of circles by the moments, M . Using simple beam theory, it can readily be shown that the resultant radii of curvature are given by
